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Human gut bacteria are implicated in normal metabolism as well as in diseases including diabetes and
obesity. In this issue of Cell Metabolism, Storelli et al. (2011) report that a single Drosophila gut species,
Lactobacillus plantarum, can promote larval growth by modulating TOR and hormonal growth signaling
pathways, thereby providing an ideal duo for study of host-microbe interactions.The human gut flora contains up to 150
times as many genes as the human ge-
nome and is enriched in metabolic activi-
ties (Greiner and Ba¨ckhed, 2011). One
effect of intestinal bacteria is to liberate
nutrients from food, for example through
breakdown of otherwise nondigestible
carbohydrates and through carbohydrate
fermentation that produces short-chain
fatty acids. These bacteria are therefore
often referred to as commensals (from
the Latin ‘‘commensalis’’ meaning ‘‘eating
at the same table’’).
Drosophila has emerged as an ideal
model system for investigating host-
microbe interactions due to its ease of
study and its relatively simple flora.
Drosophila is associated with 5–20 bac-
terial species, depending upon the par-
ticular fly strain and its diet/environment,
with Acetobacter and Lactobacillus spe-
cies, including Lactobacillus plantarum,
being among the most common (Corby-
Harris et al., 2007; Cox and Gilmore,
2007; Ren et al., 2007). Over 40 years
ago, Bakula reported that Drosophila’s
normal flora was vertically transmitted
and could stimulate larval growth: the
presence of the normal flora or a sin-
gle Bacillus species isolated from their
strain resulted in a shorter develop-
mental time relative to axenic condi-
tions (Bakula, 1969). In this issue of Cell
Metabolism, Storelli et al. (2011) report
that Drosophila’s flora modulates host
nutrient sensing and growth hormone
signaling pathways. Storelli et al. find their
fly strain associated with two predomi-
nant species, Enterococcus faecalis and
L. plantarum, both of which happen to
be human gut commensals marketed as
probiotic food supplements.Notably, L. plantarum by itself was
sufficient to recapitulate the growth-
promoting effects of the endogenous
Drosophila flora. L. plantarum promoted
larval growth on yeast-poor but not yeast-
rich media and shortened the develop-
mental time of each larval stage by in-
creasing the growth rate, without affecting
the size of the resulting flies. A L. plantarum
strain with greatly reduced production of
lactate was still able to stimulate larval
growth, suggesting that the effect is not a
directnutrienteffectof lactate.Becausethe
growth-promoting effects of L. plantarum
were observed when yeast was made
limiting, and because yeast is the primary
source of protein in the media, it is sug-
gested that L. plantarum is most likely
facilitating the uptake of dietary protein.
The duration of the larval growth period
and larval growth rate are known to re-
spond robustly to dietary protein levels
and are controlled by circulating titers
of the steroid hormone Ecdysone and
insulin-like peptides, respectively (Hieta-
kangas and Cohen, 2009) (Figure 1). In
the presence of L. plantarum, expression
of the E74B gene, a classic target of Ecdy-
sone receptor transcriptional activation,
was upregulated, and expression of the
insulin-like receptor (InR) gene, which is
negatively autoregulated by insulin-like
signaling, was downregulated, consistent
with increased signaling through both
growth hormone pathways.
During Drosophila larval development,
the TOR pathway normally acts in the fat
body tissue to stimulate systemic produc-
tion of insulin-like peptides and promote
growth: activation of TOR in fat body
produces an unknown signal that in turn
acts on specialized cells in the brain toCell Metabolism 14, Sstimulate release of insulin-like peptides
into the circulation (Ge´minard et al., 2009)
(Figure 1). TOR also acts within the pro-
thoracic gland (PG) cells to increase Ecdy-
sone secretion. Ecdysone has several
effects on growth, including controlling
the timing of developmental transitions
(larval molts and pupation). To determine
if TOR pathway function might be in-
volved in the growth-promoting effects of
L. plantarum, the authors overexpressed
TSC1 and TSC2, two negative regula-
tors of TOR signaling. Overexpression of
TSC1 and TSC2 in either fat body or PG
blocked the growth-promoting effects of
L. plantarum, indicating that TOR pathway
signaling is required in each of these tis-
sues for the benefits of L. plantarum to be
observed.
Cellular TOR pathway signaling is stim-
ulated by amino acids through mecha-
nisms that remain to be determined. In
Drosophila, genetic analysis has shown
that inhibiting the expression of the amino
acid transporter Slimfast, specifically in
fat body tissue, causes an inhibition of
larval growth similar to that observed
under poor-nutrient conditions or upon
inhibition of TOR signaling (Ge´minard
et al., 2009). These results suggest that
Slimfast may normally regulate TOR sig-
naling in fat body by mediating amino
acid uptake. Notably, Storelli et al. found
that silencing Slimfast expression specifi-
cally in fat body blocked the beneficial
effects of L. plantarum on larval growth,
thereby further implicating amino acids
and fat body TOR signaling in this
process.
In humans, dietary protein in the intes-
tinal lumen is broken down by digestive
proteases into di- and tripeptides andeptember 7, 2011 ª2011 Elsevier Inc. 283
Figure 1. Overview of Data and Model for Lactobacillus plantarum Stimulation of Larval
Growth
Components shown by Storelli et al. to regulate (or correlate with) the growth-promoting effects of
L. plantarum are indicated in blue. Increased larval growth rate and altered InR and E74B gene expression
indicate increased systemic signaling by the growth-promoting hormones insulin-like peptides and Ecdy-
sone, respectively. Overexpression of the TOR inhibitors TSC1 and TSC2 in either fat body or prothoracic
gland (PG) blocked the growth-promoting effect of L. plantarum, indicating a requirement for the TOR
nutrient sensing pathway in each of these tissues. The model involves significant intertissue signaling:
L. plantarum and dietary protein in the gut lumen signal through the intestinal epithelium to the internal
tissues, most likely by increasing circulating titers of amino acids. The Slimfast amino acid transporter
transduces this signal to increase TOR signaling in the fat body. The fat body releases an as-yet-unclear
signal (indicated by question mark) that causes specialized brain cells to release insulin-like peptides. The
PG receives an unknown signal (perhaps increased circulating amino acid titers?) that stimulates TOR
signaling and the secretion of Ecdysone. Because L. plantarum increased larval growth rate without
affecting the size of the resultant flies, it is suggested that the increased rate of larval growth produced
by the fat body and systemic insulin-like signaling is balanced by an increased rate of transition through
developmental stages stimulated by the PG and Ecdysone. These results underscore the importance of
intertissue signaling in coordinating growth and metabolism in response to diet and microbiota.
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taken up into the gut cells (enterocytes)
by specific transporters. Inside the enter-
ocytes the dietary peptides are broken
down and the amino acids are exported
to the circulatory system. In the Storelli
et al. study, the beneficial effect of
L. plantarum was revealed when protein
was limited; however, if protein was ab-
sent, L. plantarum stimulation of larval
growth was no longer effective. This sug-
gests that L. plantarum is not itself syn-
thesizing bulk protein that is rate lim-
iting for larval growth. How then might
L. plantarum be facilitating the assimila-
tion of protein already present in the284 Cell Metabolism 14, September 7, 2011 ªdiet? Conceivably, L. plantarum could be
aiding digestion by breaking down yeast
protein in the intestinal lumen and liber-
ating amino acids and peptides for uptake
by the host, or it could be creating a signal
that stimulates the host’s pathways for
breakdown and/or uptake of protein. For
example, the known ability of intestinal
bacteria to promote proliferation of intes-
tinal stem cells (Buchon et al., 2009) could
conceivably lead to a greater number of
enterocytes and increased absorptive
surface area. Notably, Storelli et al. report
that a specific strain of L. plantarum iso-
lated in their lab was able to efficiently
colonize the fly and the media, but was2011 Elsevier Inc.not able to promote larval growth, and
this strain should be particularly useful in
the future for identifying the relevant
mechanisms and signals. Because si-
lencing of Slimfast specifically in fat
body was sufficient to block the growth-
promoting effects of L. plantarum, it is
suggested that increased circulating
amino acids may be the relevant signal
to the fat body. One important question
is: what are the relevant signal(s) to the
PG? The PG might respond to the pres-
ence of L. plantarum through increases
in circulating amino acid titers or to sig-
nals from the fat body or nervous system
or other mechanisms.
Lactic acid bacteria, including
L. plantarum, are routinely used in the
farming industry as feed additives to
promote the growth of livestock, including
poultry, pigs, and cattle (Gaggı`a et al.,
2010). The mechanisms for growth pro-
motion are debated, but the present
results are consistent with the idea that
they may be acting to stimulate the pro-
duction of circulating growth hormones.
Understanding how L. plantarum and
other gut bacteria affect human and
animal health is a critical question for the
future. The development by Storelli et al.
of a model system consisting of two se-
quenced and genetically tractable spe-
cies should greatly facilitate investigation
of basic mechanisms.
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